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Abstract: We investigate an experimentally feasible scheme for amplification of superpositions
of coherent states (SCSs) in light fields. This scheme mixes two input SCSs at a 50:50 beam
splitter and performs post-selection by a homodyne detection on one output mode. The key idea
is to use two different types of SCSs with opposite parities for input states, which results in an
amplified output SCS with a nearly perfect fidelity.
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1. Introduction
Superpositions of coherent states (SCSs) in traveling light fields have been recognized as
a good resource for quantum information processing such as quantum teleportation [1–3],
quantum computation [4, 5], quantum metrology [6–9] and fundamental tests of quantum
mechanics [10–15]. Their interesting features as macroscopic quantum superpositions have also
been pointed out [16–18]. Therefore, the importance of obtaining SCSs with sufficiently large
amplitudes and high fidelities is twofold. It is helpful for practical implementations of quantum
information processing, and it is also desirable from the viewpoint of macroscopic quantum tests.
There have been numerous proposals [19–24] and experimental implementations [25–35] for the
generation of SCSs.
There have been proposals for the amplification of small SCSs to large-size SCSs using
measurement and post-selection. A feasible scheme using beam splitters, on-off photodetectors,
and post-selection was suggested [19, 20]. A modified setup using homodyne detection instead
of the on-off detection for the amplification of SCSs was investigated [21, 24] and recently
implemented in experiment [35]. In Ref. [24], the authors proposed a setup for generation of a
larger even SCS using two SCSs with the same parity as input states. Using the proposed setup
with two smaller odd SCSs, a larger even SCS was generated in an experiment [35]. However, in
comparison to the suggestion in Refs. [19, 20], this approach using homodyne detection [21, 24]
causes the fidelity to degrade. In order to obtain sufficiently large SCSs, one may need to apply
this amplification process for multiple times, and this is a formidable obstacle particularly when
initial SCSs are small.
In this paper, we investigate another set of input states which are composed of an odd SCS and
an even SCS to overcome the obstacle. First of all, we present and compare the performance of
amplification scheme using two different pairs of input states by means of post-selection with
homodyne detection. We then show that a nearly perfect fidelity can be attained using the pair of
SCSs with opposite parities even when the amplitude of input SCSs is small whereas the fidelity
that can be achieved by using a pair of small SCSs with the same parities is low. Thus, SCSs
with opposite parities outperform those with same parities in the amplification procedure.
This paper is organized as follows. In section 2, we present the setup for amplification and
investigate the capability of the amplification procedure by calculating the fidelity of the output
state heralded by homodyne outcome and probability to get the outcome. Then we present the
probability to attain a target fidelity for different amplitude of input states. We also compare two
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Fig. 1. Setup for the amplification of SCSs. See the text for details.
different sets of input states and show that a nearly perfect fidelity is always achievable with SCSs
of opposite parities, which is not the case when SCSs with same parities are used. Finally, we
summarize our works in section 3.
2. Amplification of Superposition of coherent states
In this section, we investigate the scheme that amplifies two SCSs into a larger SCS, where SCSs
are defined by
|SCS±(α)〉 ≡ N±(α)(|α〉 ± | − α〉). (1)
Here, |±α〉 are coherent states of amplitude ±α, and N±(α) = [2 ± 2 exp(−2α2)]−1/2 are
normalization factors. Note that |SCS+〉 (|SCS−〉) is also called an even (odd) SCS because
|SCS+〉 (|SCS−〉) contains even (odd) number of photons only. We assume the amplitude α to be
real without loss of generality throughout the paper, and drop the explicit argument α in the state
representation for simplicity in following equations unless there is any confusion.
In the first part of the present section, we review the amplification scheme using two odd
(even) SCSs and show the performance based on output fidelity and probability to obtain high
fidelity outcomes. We show that this scheme requires large amplitude SCSs for high fidelity
output states. In the second part, we investigate the amplification using two different types of
SCSs with opposite parities in the same way. Conclusively, we show that in this case nearly
perfect amplification is possible regardless of the amplitude of input SCSs.
2.1. Amplifcation from two odd (even) SCSs to a larger even SCS
We first present the amplification process with two odd SCSs [21, 24, 35] (see Fig. 1). First of all,
a pair of odd SCSs with same amplitude α are incident onto a 50:50 beam splitter as
|SCS−〉1 |SCS−〉2 BS−−→ |0〉3 (|
√
2α〉4 + |−
√
2α〉4) − (|
√
2α〉3 + |−
√
2α〉3) |0〉4 ,
where the normalization factor is omitted on the right hand side. The x quadrature is then
measured by homodyne detection on the field of mode 3, where the x quadrature operator is
defined as xˆ = (aˆ + aˆ†)/√2 and aˆ and aˆ† are the annihilation and creation operators. If the
homodyne measurement outcome on mode 3 is x = x0, the state on mode 4 is projected onto
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Fig. 2. Comparison of quadrature representation of the vacuum state (solid line) and even
SCSs (dashed line) for different amplitude α. (a) α = 0.5. (b) α = 1.0. (c) α = 1.5. (d)
α = 2.0. In the cases of (a) and (b), ψ0(x) and ψ√2α(x) + ψ−√2α(x) have large overlaps,
which prevent amplification to high fidelity SCSs. On the other hand, the overlaps decrease
as α increases so that high fidelity SCSs can be obtained (see (c) and (d)).
|Ψ(x = x0)〉4 with the probability density p(x = x0) such as
|Ψ(x = x0)〉4 = N2−
ψ0(x0)(|
√
2α〉4 + | −
√
2α〉4) − (ψ√2α(x0) + ψ−√2α(x0))|0〉4√
p(x = x0)
, (2)
p(x = x0) = N4−[(ψ√2α(x0) + ψ−√2α(x0))2 + ψ0(x0)2N+(
√
2α)−2
− 4ψ0(x0)(ψ√2α(x0) + ψ−√2α(x0))e−α
2 ]. (3)
Here, ψα(x) ≡ 〈x |α〉 = pi−1/4 exp[−(x −
√
2α)2/2] is the quadrature representation of a coherent
state. As seen in Eq. (2), if the measurement outcome x = x0 satisfies two conditions, (i)
ψ√2α(x0) + ψ−√2α(x0) = 0 and (ii) ψ0(x0) , 0, the
√
2 times amplified even SCS would be
obtained at mode 4. In other words, if we post-select the output state according to the homodyne
measurement outcome of the x quadrature on the mode 3, we can obtain an amplified SCS on
mode 4. In order to find the region where the above two conditions are satisfied, we compare
ψ√2α(x)+ψ−√2α(x) and ψ0(x) in Fig. 2. The figure shows that for a large amplitude α, the above
conditions are approximately satisfied for x0 around 0. Thus, in this case, we can expect the
output state on mode 4 to be close to
√
2 times amplified even SCS. On the other hand, when the
amplitude α is too small such as α=0.5, the above conditions cannot be satisfied for any x. Thus,
the preparation of large amplitude SCSs is necessary for the amplification for obtaining a high
fidelity output state to the
√
2 times amplified even SCS.
In order to analyze more quantitatively, we plot the fidelity to
√
2 times amplified even SCS
when the input SCS has the amplitude α and the measurement outcome is x = x0, and the
probability density to obtain the outcome, which are shown in Fig. 3. Here, the fidelity is defined
as
F+(α, x0) = |〈SCS+(
√
2α)|Ψ(x = x0)〉|2
=
N4−
p(x = x0)
[
ψ0(x0)
N+(
√
2α)
− 2e−α2N+(
√
2α)(ψ√2α(x0) + ψ−√2α(x0))
]2
. (4)
Fig. 3 (a) shows that there are two regions where the high fidelity output state can be obtained
: (i) large input amplitude α with measurement outcome x0 around 0 and (ii) the small input
amplitude α with large measurement outcome |x0 |. However, since the probability to get the
region (ii) is very small, which is shown in Fig. 3 (b), we focus only on the region (i) from now
on. The region (i) implies that if one prepares large SCSs as input states, such as α ≥ 1.0, and
obtains the homodyne outcome around 0, the resultant fidelity to amplified SCS will be close to
1.
Now, we assume that one sets a window [−x0, x0] of post-selection so that the output state is
selected if the homodyne outcome is in the window. Then, on average, the resultant fidelity on
Fig. 3. (a) Fidelity between the outcome state and the ideal amplified SCS with different
input amplitudes α and homodyne outcomes x0. (b) Probability density of getting homodyne
outcomes x0 for different α. While there are three regions where high fidelity output states
can be obtained, the probablity to get left upper and lower regions is very low, which is
shown in (b). Since the fidelity is not large enough when the homodyne outcome is around 0
and input α is low, the achievable fidelity is low when input states with low amplitudes α are
used.
average will be
F+(α, x0) =
∫ x0
−x0 p(x)F+(α, x)dx∫ x0
−x0 p(x)dx
. (5)
The probability of getting a target fidelity on average when the input amplitude is α is shown in
Fig. 4. Note that we have used average fidelity on a region [−x0, x0]. The figure shows that the
probability of getting high fidelity outcome with small amplitude input states is extremely small.
Thus, the amplification to high fidelity output state is possible only for high amplitude input
states. Therefore, nearly perfect amplification with a pair of odd SCSs requires the preparation of
large amplitude of input SCSs.
It is important to consider experimental imperfections. Here, we assume photon loss on input
Fig. 4. Probability to get the target fidelity with input SCS with amplitude α (a) without
photon-loss, (b) with 10% photon-loss, and (c) with 20% photon-loss on input states. When
the amplitude of input SCSs is low, the probability to get high fidelity SCSs is extremely
low, which can be overcome by using different types of SCSs as we will see in the following
subsection. When photon-loss occurs, it is difficult to amplify large amplitude input SCSs to
a high fidelity SCS because they are more fragile to loss than small amplitude SCSs.
states. If we consider loss of r2 by a beam splitter model, input SCSs will evolve as [36]
|SCS±〉〈SCS± | → |tα〉〈tα | + | − tα〉〈−tα | ± e−2r2α2 (|tα〉〈−tα | + | − tα〉〈tα |), (6)
where t2 + r2 = 1 and r2 is a photon-loss rate and the normalization constant is omitted. Let us
denote the state after the 50:50 beam splitter in the main setup with input SCSs under photon loss
as ρ(α) and the state after homodyne outcome x0 as ρ˜(α, x0) = 3〈x0 |ρ(α)|x0〉3. The probability
density of obtaining homodyne outcome x0 and the fidelity of the output state with homodyne
outcome x0 to an amplified ideal SCS are written as
p(x = x0) = Tr[ρ˜(α, x0)] (7)
F+(α, x0) = 〈SCS+(
√
2α)| ρ˜(α, x0)|SCS+(
√
2α)〉. (8)
We then use the fidelity of the output state to an ideally amplified even SCS to numerically
calculate the average fidelity with a window [−x0, x0]. In the following subsection, we will show
that degradation of performance of the scheme due to photon loss can be overcome to some
extent with different types of input SCSs.
So far we have presented the amplification scheme that uses two odd SCSs to obtain a larger
even SCS. It can be easily checked that two even SCSs input case yields a similar result. In the
following subsection, we show that different input states result in a nearly perfect amplification
without large amplitude SCSs.
2.2. Amplification from an even SCS and an odd SCS to a larger odd SCS
In this subsection, we change the input states to an odd SCS and an even SCS and analyze the
result in the same procedure. Similarly, an odd SCS and an even SCS are incident onto a 50:50
beam splitter as
|SCS+〉1 |SCS−〉2 BS−−→ |0〉3 (|
√
2α〉4 − |−
√
2α〉4) + (|
√
2α〉3 − |−
√
2α〉3) |0〉4 ,
where the normalization factor is omitted. Again, we measure the x quadrature of the beam on
the mode 3 using homodyne detection. After measuring x = x0 on mode 3, the state on mode 4
is projected onto
|Ψ(x = x0)〉4 =
N+N−√
p(x = x0)
[ψ0(x0)(|
√
2α〉4 − | −
√
2α〉4) + (ψ√2α(x0) − ψ−√2α(x0))|0〉4], (9)
with the probability density,
p(x = x0) = N2+N2−[ψ0(x0)2N−(
√
2α)2 + (ψ√2α(x0) − ψ−√2α(x0))2]. (10)
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Fig. 5. Comparison of quadrature representation of the vacuum state (solid line) and odd
SCSs (dashed line) for different amplitude α. (a) α = 0.5. (b) α = 1.0. (c) α = 1.5. (d)
α = 2.0. Figures (c) and (d) are very similar to Fig. 2 (c) and (d). High fidelity amplified SCS
can be obtained for large α. Remarkably, even when α is small, nearly perfect amplification
is possible because ψ0(x) and ψ√2α(x)+ψ−√2α(x) does not overlap around x = 0 regardless
of α.
Fig. 6. (a) Fidelity between the outcome state and the ideal amplified SCS with different
input amplitudes α and homodyne outcomes x0 for input states with different parities. (b)
Probability density of getting homodyne outcomes x0 for different α. A nearly perfect
amplification is possible regardless of input α. Especially, small amplitude SCSs can be
used for nearly perfect amplification, which is different from Fig. 3.
As seen fromEq. (9), if wemeasure x = x0 satisfying two conditions, (i)ψ√2α(x0)−ψ−√2α(x0) = 0
and (ii) ψ0(x0) , 0, an amplified odd SCS with an amplitude
√
2α would be obtained at mode
4. In order to find the region where the above two conditions are satisfied, we again compare
ψ√2α(x) − ψ−√2α(x) and ψ0(x), which is shown in Fig. 5. The figure shows that the results are
similar with those of the previous case for large amplitude α. However, in this case, even for
small α such as α = 0.5, we can still find some region where a larger odd SCS is obtained because
ψ√2α(0) − ψ−√2α(0) is always zero. In other words, in contrast to the two odd SCSs input case,
the amplification of SCS with an odd SCS and an even SCS is always possible for arbitrary α.
We analyze the fidelity of the output state to the
√
2 times amplified odd SCS. When we
measure x = x0 on mode 3, the fidelity of the output state on mode 4 to a larger odd SCS is given
as
F−(α, x0) = |〈SCS−(
√
2α)|Ψ(x = x0)〉|2 = N
2
+N2−
N−(
√
2α)2
ψ0(x0)2
p(x = x0) . (11)
Fig. 7. Probability to get the target fidelity with input SCS with amplitude α (a) without
photon-loss, (b) with 10% photon-loss, and (c) with 20% photon-loss on input states. The
advantage over the previous case can be seen for small α. In this case, high fidelity SCSs
can be generated even when input α is small. Again, it is more difficult to amplify large
amplitude input SCSs to a high fidelity SCS under photon loss.
Fig. 8. Wigner functions of input SCSs of amplitude α = 1.2 (left) and of amplified SCS of
α ' 1.7 (right). Comparing the input odd SCS and the resultant odd SCS, one can observe
the change of the interference fringe of odd SCS. We set the windows of homodyne outcome
as [−1, 1], which gives the success probability of 43% and fidelity of 0.9754.
The fidelity for different α and given measurement outcomes and the probability of getting the
outcome are shown in Fig. 6. As the figure shows, conditioning the homodyne measurement
outcome around 0 results in approximately perfect amplification for arbitrary amplitude of input
states. As input amplitude α increases, a window [−x0, x0] where we get high fidelity output
state gets broader.
Again, we plot the probability of getting a target fidelity on average with setting the window
[−x0, x0], which is shown in Fig. 7. Here, the average fidelity on a region [−x0, x0] is written as
F−(α, x0) =
∫ x0
−x0 p(x)F−(α, x)dx∫ x0
−x0 p(x)dx
. (12)
First of all, when the amplitude of input states is large, such as α ≥ 1.5, the figure is very similar
to the previous case which is shown in Fig. 4. In other words, the amplification from large
SCSs input to
√
2 times amplified SCS with high fidelity is possible for both cases. However, an
important difference from the case with a pair of SCSs with same parities is that the probability
of getting high fidelity with small amplitude of input states is much larger, while the probability
of attaining high fidelity output state with the input pair of two small odd SCSs is negligible.
Moreover, the advantage becomes more important in a realistic situation where photon-loss
occurs on input SCSs, which is shown in Figs. 7(b) and (c). Compared to the previous setup,
as shown in Figs. 4(b) and (c), even when photon-loss is considered, our scheme has larger
probabilities to attain high fidelity SCSs especially for low amplitude input SCSs. Thus, the pair
of SCSs with different parities is advantageous in that arbitrary amplitude SCSs can be used for
the amplification.
Figure 8 shows an example of a SCS amplified out of an odd SCS and an even SCS. The figure
clearly shows the increase of both the amplitude and the frequency of interference fringes that is
an evidence of the increase of the nonclassical property [16].
3. Conclusion
We have investigated a conditional amplification scheme for free-traveling optical SCSs. This
scheme simply mixes two input SCSs at a 50:50 beam splitter and performs post-selection
by means of homodyne detection on one of the two output modes. The output state heralded
by an appropriate homodyne outcome is close to the
√
2 amplified SCS. We considered two
different pairs of input states for the amplification. One is two odd SCSs, and the other is an
odd SCS and an even SCS. We have shown that both pairs of input states with large amplitude
enable the amplification to high fidelity output state. However, more importantly, we found
that a nearly perfect fidelity can be obtained using two different types of SCSs with opposite
parities for input states, whereas large amplitude SCSs are necessary for a pair of SCSs with
the same parities. The advantage of using two different SCSs over the same SCSs is crucial
for generating sufficiently large amplitude SCSs from small amplitude SCSs because multiple
times of imperfect amplification will degrade the fidelity of the final output state to the large SCS.
Since two different SCSs input enables a nearly perfect amplification for arbitrary amplitude of
input SCSs, it can be used iteratively to generate a nearly perfect SCS with large amplitude.
Experimental implementation of our scheme for amplification of SCSs requires preparation of
input SCSs. A well-known technique to generate an approximate odd SCS is to subtract a single
photon from a squeezed vacuum state [19, 20, 22, 25, 26, 28, 29]. An approximate even SCS can
be generated using a number state and a homodyne detection [27]. Altenatively, once we prepare
an odd SCS, one can generate an approximate even SCS by subtracting a single photon from
the odd SCS, aˆ(|α〉 ± | − α〉) ∝ (|α〉 ∓ | − α〉). It is well known that the photon subtraction can
be realized using a high-transmissivity beam splitter and a photon detector [25]. This means
that an approximate even SCS can be produced by subtracting two photons from a squeezed
vacuum state [22], which has been realized in experiments [28, 29]. In fact, more generally,
subtracting arbitrary number of photons results in a well-approximated SCS with some degrees
of additional squeezing [22]. There is another scheme to mix two squeezed vacuum states at an
asymmetric beam splitter and perform photon-number resolving detection on one of two output
modes, which results in an even or odd SCS depending on the measurement outcome [33]. In
this context, it is worth noting that there is a study for optimization over input Gaussian states
with photon-number resolving detection to generate approximate non-Gaussian states including
SCSs [23]. On the other hand, interconversion between single photons and SCSs can be also
employed, which has been realized in experiment [34]. These ideas may be combined with our
scheme for better performance. In experiments, these approximate SCSs may be used as seeds of
the amplification scheme to obtain larger SCSs. Of course, the approximate SCSs used as input
SCSs will cause degradation of fidelities for output SCSs obtained by the amplification process.
It will be worthwhile to analyze our amplification scheme in realistic setups in a more detailed
and rigorous way as a future work.
4. Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) through a Grant
funded by the Korean government (MSIP) (Grant No. 2010-0018295), and the Korea Institute of
Science and Technology Institutional Program (Project No. 2E27800-18-P043).
References
1. S. J. van Enk and O. Hirota, "Entangled coherent states: Teleportation and decoherence," Phys. Rev. A 64, 022313
(2001).
2. H. Jeong, M. S. Kim and J. Lee, "Quantum-information processing for a coherent superposition state via a mixed
entangled coherent channel," Phys. Rev. A 64, 052308 (2001).
3. J. S. Neergaard-Nielsen, Y. Eto, C.-W. Lee, H. Jeong, and M. Sasaki, "Quantum tele-amplification with a continuous-
variable superposition state," Nature Photonics 7, 439-443 (2013).
4. H. Jeong and M. S. Kim, "Efficient quantum computation using coherent states," Phys. Rev. A 65, 042305 (2002).
5. T. C. Ralph, A. Gilchrist, G. J. Milburn, W. J. Munro, and S. Glancy, "Quantum computation with optical coherent
states," Phys. Rev. A 68, 042319 (2003).
6. T. C. Ralph, "Coherent superposition states as quantum rulers," Phys. Rev. A 65, 042313 (2002).
7. W. J. Munro, K. Nemoto, G. J. Milburn, and S. L. Braunstein, "Weak-force detection with superposed coherent
states," Phys. Rev. A 66, 023819 (2002).
8. J. Joo, W. J. Munro, and T. P. Spiller, "Quantum Metrology with Entangled Coherent States," Phys. Rev. Lett. 107,
083601 (2011).
9. J. Joo, K. Park, H. Jeong, W. J. Munro, K. Nemoto, and T. P. Spiller, "Quantum metrology for nonlinear phase shifts
with entangled coherent states," Phys. Rev. A 86, 043828 (2012).
10. W. Schleich, M. Pernigo, and F. L. Kien, "Nonclassical state from two pseudoclassical states," Phys. Rev. A 44, 2172
(1991).
11. J. Wenger, M. Hafezi, F. Grosshans, R. Tualle-Brouri, and P. Grangier, "Maximal violation of Bell inequalities using
continuous-variable measurements," Phys. Rev. A 67, 012105 (2003).
12. H. Jeong, W. Son, M. S. Kim, D. Ahn, and C˘. Brukner, "Quantum nonlocality test for continuous-variable states with
dichotomic observables," Phys. Rev. A 67, 012106 (2003).
13. M. Stobińska, H. Jeong, and T. C. Ralph, "Violation of Bell’s inequality using classical measurements and nonlinear
local operations," Phys. Rev. A 75, 052105 (2007).
14. H. Jeong, "Testing Bell inequalities with photon-subtracted Gaussian states," Phys. Rev. A 78, 042101 (2008).
15. J. Etesse, R. Blandino, B. Kanseri, and R. Tualle-Brouri, "Proposal for a loophole-free violation of Bell’s inequalities
with a set of single photons and homodyne measurements," New J. Phys. 16, 053001 (2014).
16. C.-W. Lee and H. Jeong, "Quantification of Macroscopic Quantum Superpositions within Phase Space," Phys. Rev.
Lett. 106, 220401 (2011).
17. H. Jeong, M. Kang, and H. Kwon, "Characterizations and quantifications of macroscopic quantumness and its
implementations using optical fields," Opt. Commun. 337, 12 (2015).
18. F. Fröwis, N. Sangouard, and N. Gisin, "Linking measures for macroscopic quantum states via photonâĂŞspin
mapping," Opt. Commun. 337, 2 (2015).
19. A. P. Lund, H. Jeong, T. C. Ralph, and M. S. Kim, "Conditional production of superpositions of coherent states with
inefficient photon detection," Phys. Rev. A 70, 020101(R) (2004).
20. H. Jeong, A. P. Lund, and T. C. Ralph, "Production of superpositions of coherent states in traveling optical fields with
inefficient photon detection," Phys. Rev. A 72, 013801 (2005).
21. M. Takeoka and M. Sasaki, "Conditional generation of an arbitrary superposition of coherent states," Phys. Rev. A
75, 064302 (2007).
22. P. Marek, H. Jeong, and M. S. Kim, "Generating âĂĲsqueezedâĂİ superpositions of coherent states using photon
addition and subtraction", Phys. Rev. A 78, 063811 (2008).
23. D. Menzies and R. Filip, "Gaussian-optimized preparation of non-Gaussian pure states," Phys. Rev. A 79, 012313
(2009).
24. A. Laghaout, J. S. Neergaard-Nielsen, I. Rigas, C. Kragh, A. Tipsmark, and U. L. Andersen, "Amplification of
realistic Schrödinger-cat-state-like states by homodyne heralding," Phys. Rev. A 87, 043826 (2013).
25. A. Ourjoumtsev, R. Tualle-Brouri, J. Laurat, and P. Grangier, "Generating Optical Schrödinger Kittens for Quantum
Information Processing," Science 312, 83 (2006).
26. J. S. Neergaard-Nielsen, B. M. Nielsen, C. Hettich, K. Mølmer, and E. S. Polzik, "Generation of a Superposition of
Odd Photon Number States for Quantum Information Networks," Phys. Rev. Lett. 97, 083604 (2006).
27. A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and P. Grangier, "Generation of optical ‘Schrödinger cats’ from photon
number states," Nature (London) 448, 784 (2007).
28. H. Takahashi, K. Wakui, S. Suzuki, M. Takeoka, K. Hayasaka, A. Furusawa, and M. Sasaki, "Generation of
Large-Amplitude Coherent-State Superposition via Ancilla-Assisted Photon Subtraction," Phys. Rev. Lett. 101,
233605 (2008).
29. T. Gerrits, S. Glancy, T. S. Clement, B. Calkins, A. E. Lita, A. J. Miller, A. L. Migdall, S.W. Nam, R. P. Mirin, and E.
Knill, "Generation of optical coherent-state superpositions by number-resolved photon subtraction from the squeezed
vacuum," Phys. Rev. A 82, 031802(R) (2010).
30. J. S. Neergaard-Nielsen, M. Takeuchi, K. Wakui, H. Takahashi, K. Hayasaka, M. Takeoka, and M. Sasaki, "Optical
Continuous-Variable Qubit," Phys. Rev. Lett. 105, 053602 (2010).
31. M. Yukawa, K. Miyata, T. Mizuta, H. Yonezawa, P. Marek, R. Filip, and A. Furusawa, "Generating superposition of
up-to three photons for continuous variable quantum information processing," Opt. Express 21, 5529 (2013).
32. J. Etesse, M. Bouillard, B. Kanseri, and R. Tualle-Brouri, "Experimental Generation of Squeezed Cat States with an
Operation Allowing Iterative Growth," Phys. Rev. Lett. 114, 193602 (2015).
33. K. Huang, H. Le Jeannic, J. Ruaudel, V. B. Verma, M. D. Shaw, F. Marsili, S. W. Nam, E Wu, H. Zeng, Y.-C. Jeong,
R. Filip, O. Morin, and J. Laurat, "Optical Synthesis of Large-Amplitude Squeezed Coherent-State Superpositions
with Minimal Resources," Phys. Rev. Lett. 115, 023602 (2015).
34. Y. Miwa, J. Yoshikawa, N. Iwata, M. Endo, P. Marek, R. Filip, P. van Loock, and A. Furusawa "Exploring a New
Regime for Processing Optical Qubits: Squeezing and Unsqueezing Single Photons," Phys. Rev. Lett. 113, 013601
(2014).
35. D. V. Sychev, A. E. Ulanov, A. A. Pushkina, M. W. Richards, I. A. Fedorov, and A. I. Lvovsky, "Enlargement of
optical Schrödinger’s cat states," Nat. Photonics 11, 379 (2017).
36. D. F. Walls and G. J. Milburn, Quantum Optics (Springer, New York, 1994).
